The photosynthetic apparatus of green plants consists of several membrane-bound complexes, of which photosystem II (PSII) 1 has the unique capacity to evolve oxygen from water. Three extrinsic proteins with apparent molecular masses of 33, 23, and 17 kDa are required for maximal rates of oxygen evolution at physiological inorganic cofactor concentrations (reviewed in refs [1] [2] [3] . The 33 kDa protein is encoded by the nuclear psbO gene, has a molecular mass of 26.5 kDa, and is in its solubilized form characterized by a high -sheet structure content and a low R-helix structure content (3, 4) , which indicates that it has a rather rigid conformation. The content of -sheet structure is probably even enhanced upon binding to PSII (5) . The protein was suggested to have a prolonged ellipsoidal shape in solution (6) and to belong to the family of proteins that adopt a "natively unfolded" (7) or "molten globule" (8) structure. The stoichiometry of the 33 kDa protein is currently under debate. There is considerable biochemical evidence for the presence of two 33 kDa proteins per PSII reaction center (see, e.g., refs 3, 9, and 10), but even the most recent structural work points to only one 33 kDa protein per PSII reaction center (11) . The 33 kDa protein is generally termed the "manganese stabilizing protein" (MSP), because its removal leads to the release of manganese and a complete loss of the capacity of PSII to evolve oxygen at low chloride concentrations (1) , and one of its main functions may be to maintain the chloride required for oxygen evolution in a "sequestered domain" close to the manganese cluster (3) .
The other two proteins are less well characterized. The 23 kDa protein is encoded by the nuclear psbP gene and has a molecular mass of 20.2 kDa. Also, this protein is characterized by a high -sheet structure content and a low R-helix structure content (12) . The 17 kDa protein is encoded by the nuclear psbQ gene and has a molecular mass of 16.5 kDa. Both proteins occur most likely in a 1:1 stoichiometry with the PSII reaction center complex and bind less strongly to the PSII complex than the 33 kDa protein. Their functions may be to prevent the release of Ca 2+ ions, to create a highaffinity binding site for Cl -ions, and to stabilize the manganese cluster (1) . Also, the 23 and 17 kDa proteins have been suggested to keep the chloride required for oxygen evolution in a sequestered domain close to the manganese cluster (13) .
Recent progress in the analysis by electron microscopy of two-dimensional crystals of subcomplexes of PSII has revealed the position of the major core subunits at a resolution of slightly better than 1 nm. The most detailed map concerns a particle consisting of the D1, D2, and CP47 large subunits, but it does not contain the extrinsic subunits (14) . Crystals from dimeric core complexes contain in addition CP43 and the 33 kDa protein (15, 16) . A projection map at 0.9 nm reveals at least 29 different transmembrane R-helices (16) , but a complete three-dimensional (3D) structure at the same resolution has not yet been reported. In contrast to the two-dimensionally crystallized smaller particles, the larger PSII-LHCII supercomplexes also contain the 23 and 17 kDa extrinsic subunits (17) , although the latter was only clearly demonstrated in the most recent work (11) . In this work, a 3D map of the photosystem II supercomplex was obtained from single-particle projections in vitrified ice, in which the overall shape of the protrusions from the extrinsic subunits was well preserved. These protrusions consist of a tetrameric structure of four separated and rather spherical densities on top of a dimeric PSII-LHCII supercomplex. It was suggested that the two most central densities locate the 33 kDa protein and that the two other, slightly larger densities locate the 23 and 17 kDa extrinsic subunits (11) , in line with earlier work based on electron microscopy using negatively stained specimens (17) . The tetrameric structure clearly resembles the structures observed previously in freeze-etching studies of intact thylakoid membranes (see, e.g., ref 18) , suggesting that the structures observed in ref 11 represent the native organization of the PSII extrinsic subunits.
Biochemical (19) (20) (21) and ultrastructural (22) (23) (24) (25) work on the PSII-LHCII supercomplexes has indicated that the most common PSII-LHCII supercomplex [called C 2 S 2 in our nomenclature (23) ] contains two symmetry-related structures, each consisting of at least one trimeric LHCII complex, one monomeric CP26 protein, and one monomeric CP29 protein. The CP26 protein was suggested to be closely associated with the CP43 core antenna protein, while CP29 probably is located close to CP47 (20) . The PSII-LHCII supercomplexes were shown to be rather severely depleted in the very hydrophobic PsbS protein (19) (20) (21) , which recently gained increased attention because of its prominent role in the physiologically important process of nonphotochemical quenching (26) , and may therefore not contain this protein. These complexes, however, may contain the recently discovered 6.6 kDa LhbA protein, which probably contains two transmembrane R-helices and which was shown to be associated with CP26 (27) .
Despite the improved knowledge of the structural organization of the PSII core complex and of the location of the extrinsic proteins involved in oxygen evolution, little is known about the influence of the extrinsic subunits on the overall supramolecular organization of PSII. Freeze-etching studies of polypeptide-depleted PSII membranes (18, 28) indicated that the removal of the 33, 23, and 17 kDa proteins by Tris washing changed the four-lobed structure into a twolobed structure in which the two halves of the dimer are clearly separated. Details of the organization of PSII after Tris washing could, however, not be given because of the limited resolution of the freeze-etching technique. In previous work on the extrinsic subunits of PSII (17) , it was noticed that the top-view projections of negatively stained PSII-LHCII supercomplexes with retained 23 kDa protein not only differed at positions assigned to the removed subunit but also had a slightly different overall shape. An acceptable explanation of this phenomenon could not be given at that time.
To investigate in detail in which respect the overall structure of the PSII-LHCII supercomplex depends on the presence of the extrinsic subunits, we present in this paper a structural study of PSII-LHCII supercomplexes obtained after a partial solubilization with the mild detergent n-dodecyl R-D-maltoside of PSII membranes depleted of the extrinsic polypeptides by standard salt or Tris washing procedures. The results demonstrate that the removal of the 23 and 17 kDa proteins induces changes in the positions of the peripheral antenna proteins and that the removal of the 33 kDa extrinsic protein induces additional changes in the positions of the peripheral antenna proteins and in addition destabilizes the dimeric structure of PSII.
MATERIALS AND METHODS
Sample Preparation. PSII membranes were isolated from freshly prepared spinach thylakoid membranes as described previously (29) . The membranes were washed either with 2 M NaCl at pH 6.0 as described in ref 30 to remove the 23 and 17 kDa proteins or with 0.8 M Tris-HCl at pH 8.3 as described in ref 31 to remove all three extrinsic polypeptides. The membranes were resuspended and washed either in a buffer containing 20 mM BisTris (pH 6.5) and 5 mM MgCl 2 or in the same buffer without 5 mM MgCl 2 and were not frozen until they were used. For the preparation of PSII-LHCII supercomplexes, the methods reported in ref 24 were followed. In short, the oxygen-evolving or polypeptidedepleted PSII membranes were (at a final chlorophyll concentration of 1.9 mg/mL) partially solubilized with n-dodecyl R-D-maltoside (R-DM final concentration of 1.2%) in the above-mentioned buffer with or without MgCl 2 , centrifuged to remove unsolubilized material, partially purified by gel filtration chromatography using a Superdex 200 HR 10/30 column (Pharmacia), and immediately prepared for electron microscopy as described in ref 24. Biochemical Characterization. Sucrose density gradient centrifugation was performed according to the method described in ref 25. SDS-PAGE was performed on a 12% acrylamide gel according to the method of Schägger and von Jagow (32) .
Electron Microscopy. Transmission electron microscopy was performed with a Philips CM10 electron microscope at 52000× magnification. Negatively stained specimens were prepared with a 2% solution of uranyl acetate on glowdischarged plain carbon-coated copper grids as described in ref 24 by diluting the samples 2-10-fold with buffer and 0.03% R-DM. Glow-discharged grids usually force molecules to attach with their flat sides on the film, thus preventing side views (23) . From negatives with images of supercomplexes obtained from unstacked (without MgCl 2 ) salt-washed membranes, stacked (with MgCl 2 ) salt-washed membranes, unstacked Tris-treated membranes, and stacked Tris-treated membranes, we selected 3643, 180, 3009, and 4070 projections, respectively, with a window size of 96 pixels × 96 pixels, comparable to 46.6 nm × 46.6 nm.
Image Analysis. Image analysis was carried out with IMAGIC software (33) . The projections were analyzed following an aperiodic (single particle) procedure, including repeated cycles of alignment procedures (33) and treatment by multivariate statistical analysis (34) and classification (35) .
RESULTS

Sample Preparation.
In previous reports, we have analyzed the association of PSII and its peripheral light-harvesting antenna by solubilizing PSII membranes prepared with Triton X-100 (29) with small amounts of the very mild detergent R-DM (23) (24) (25) . During the course of the solubilization experiments with salt-or Tris-washed PSII membranes, however, it appeared that solubilization conditions similar to those used for native, oxygen-evolving PSII membranes resulted in many cases in a very poor solubilization of the membranes. The solubilization yield varied considerably from batch to batch (from about 0 to 15% on a chlorophyll basis), but was always much lower than with oxygenevolving PSII membranes (∼50%). The solubilization yield could, however, be increased by omitting the divalent cations from the solubilization buffer. This can be explained by the idea that the presence of divalent cations induces a very tight stacking of the pair of membranes, on which the poor detergent R-DM cannot perform its solubilizing actions, whereas the absence of divalent cations induces a looser type of interaction between the two membranes, between which the detergent can now penetrate and solubilize the particles. In the following, we will refer to the membranes prepared in the presence and absence of 5 mM MgCl 2 as "stacked" and "unstacked", respectively.
To show whether the solubilization of the Tris-washed PSII membranes really resulted in supercomplexes without the extrinsic 33 kDa protein, we determined the polypeptide composition of native and Tris-treated supercomplexes purified on a sucrose density gradient. Figure 1 shows that the isolated Tris-treated PSII-LHCII supercomplexes indeed lack the extrinsic proteins, but that all other proteins are present. This result excludes the possibility that the isolated supercomplexes arise from a small fraction of PSII in which the 33 kDa protein has resisted the extraction. Figure 1 also indicates that in the smallest PSII-LHCII complexes from oxygen-evolving membranes (lanes 1-3) the PsbS protein is rather strongly depleted (the staining intensity is far below that of the CP29 and CP26 proteins), in agreement with earlier results (19) (20) (21) . The larger complexes in lanes 5-7, however, show not only an increased LHCII content but also an increased PsbS protein content, suggesting that this protein could be bound to PSII in associations larger than the "standard" C 2 S 2 PSII-LHCII supercomplex.
Electron Microscopy. Inspection of EM images of chromatographically purified complexes, obtained from saltwashed or Tris-washed and R-DM-solubilized PSII membranes, revealed the presence of several different types of projections ( Figure 2 ). One main type could be easily attributed to the rectangular-shaped C 2 S 2 PSII-LHCII supercomplex (25) , and another type was the LHCII icosienamer (X 7 ), which was structurally characterized in an earlier report (31) . Also, C 2 S PSII-LHCII supercomplexes and C 2 PSII core complexes were observed. Besides these particles, which have already been studied extensively (see, e.g., ref FIGURE 2: Electron micrographs of PSII complexes obtained from chromatographically purified unstacked (A) and stacked (B) R-DMsolubilized Tris-washed PSII membranes, negatively stained with uranyl acetate. C 2 -C 4 denote dimeric, trimeric, and tetrameric PSII core complexes, respectively; C 2 S 2 denotes the main PSII-LHCII supercomplex with two strongly bound trimeric LHCII complexes, and X 7 represents the heptameric association of trimeric LHCII, the so-called icosienamer. The scale bar is 100 nm long.
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, two novel rod-like particles were present. These appeared to be C 2 core complexes to which an additional PSII core monomer or an additional PSII core dimer is associated on the short side. We will abbreviate these complexes as "C 3 " and "C 4 ", respectively. We note that only very few complexes were lying on their side, which is probably caused by the use of glow-discharged grids (23) .
The numbers of the different complexes were quite variable (Tables 1 and 2 ). The C 3 and C 4 rods were predominantly present in the samples derived from the stacked salt-washed or Tris-washed membranes, whereas the C 2 S 2 supercomplexes dominated in the samples prepared from the unstacked salt-washed or Tris-washed membranes. The relative occurrence of the icosienamers, on the other hand, did not depend very much on the stacked or unstacked starting material, but on the Tris-washing pretreatment (Table  2) .
Image Analysis. For a detailed comparison, about 11 000 extracted top-view particle projections from the salt-and Tris-treated samples were subjected to image analysis. After repeated multivariate statistical analysis and classification, on average about 44% of the projections were found to be interpretable. The lowest number of such projections was present in the data set obtained from Tris-washed, stacked membranes, where we noticed many relatively small fragments. Image analysis of the side views was not attempted, because the numbers of the particles were too low and the heterogeneity (PSII-LHCII supercomplexes, icosienamers, and trimeric and tetrameric PSII core complexes) was too large to perform a reliable statistical analysis.
The final results of the multivariate statistical analysis and classification of top-view projections of PSII complexes isolated from salt-washed and Tris-washed grana membranes are presented in Figure 3 . Average projections of salt-washed C 2 S 2 supercomplexes ( Figure 3B ) and salt-washed C 2 S 2 supercomplexes lacking one or two CP26 areas ( Figure  3C ,D) do not differ strongly from the native C 2 S 2 supercomplex ( Figure 3A) . The most obvious differences are given by the stain-filled regions between the PSII core parts and the peripheral antenna, which are considerably more prominent in the native samples than in the salt-washed samples (see also refs 23-25 and Figure 4A -C).
Some supercomplexes from the Tris-treated samples exhibit an altered overall shape, and in fact, three different types were found by classification. The type 1 supercomplex ( Figure 3E ) has about the same rectangular shape as the supercomplex obtained from salt-washed membranes ( Figure  3B ). The main differences between the images of the Triswashed type 1 supercomplex (see also Figure 4D ) and the salt-washed supercomplex ( Figure 4C ) are the amount of stain in the central part of the dimer, which is considerably increased after Tris treatment. Also, in Tris-washed dimeric PSII core complexes from spinach and Synechococcus elongatus, the amount of stain in the central part of the dimer was increased after removal of the 33 kDa protein (22) . In the type 2 C 2 S 2 supercomplex, the rectangular shape is modified into a kind of elongated, S-shaped configuration ( Figure 3F ), whereas in the type 3 complex, the shape is modified into a considerably shortened, S-shaped configuration ( Figure 3G ). As with the salt-treated supercomplexes, a substantial number of type 1 and type 2 supercomplexes lack one or two CP26 subunits ( Figure 3H-J) , but apart from Tris-s  Tris-u   total assigned  12755  68  1386  1285  2177  C2S2  9000  32  1202  279  1896  C2S2M  1860  0  11  7  5  C2S2M2  120  0  0  0  0  C2S2L  85  2  11  3  19  C2S2ML  85  0  0  0  0  mega-I  360  0  0  0  12  mega-II  170  0  0  0  1  mega-III  39  0  0  0  0  X 7  100  2  14  139  206  C4  4  32  148  387  19  C3  0  ND  ND  470  19 a The starting materials were untreated membranes [native (from ref 25) ], stacked salt-washed membranes (salt-s), unstacked salt-washed membranes (salt-u), stacked Tris-washed membranes (Tris-s), and unstacked Tris-washed membranes (Tris-u). a The numbers of LHCII trimers at the S-position in super-and megacomplexes were fixed to 100%. For the salt and Tris data, the sets obtained from unstacked and stacked membranes were merged. these features, the supercomplexes appear not to be essentially different. In particular, very similar differences are observed between the type 1 and type 2 "complete" supercomplexes ( Figure 3E,F) and the type 1 and type 2 supercomplexes with one empty CP26 binding site ( Figure  3H,J) . This indicates that the observed types of variation have not been induced by the image analysis procedures, because the sets of complete and (partially) CP26-depleted supercomplexes were independently processed.
The analysis of the two rodlike projections from the Tristreated samples shows that the average projection of the larger one, the C 4 complex, has a two-fold rotational symmetry and thus is composed of two identical C 2 dimers ( Figure 3K ). In the C 3 complex, one of the core monomers is lacking, but otherwise, the particles are identically composed ( Figure 3L ). The C 4 and C 3 complexes obtained from the salt-washed membranes have a very similar shape (not shown).
To find out in which respect the new types of projections are unique for polypeptide-depleted PSII supercomplexes, we re-examined the complete data set of 16 600 complexes obtained from native, oxygen-evolving PSII membranes (25) with the averages of the shortened PSII-LHCII supercomplex ( Figure 3G ) and the C 3 and C 4 complexes ( Figure 3K,L) as references. These particles were not observed previously by the automatic classification procedures. The re-examination revealed fewer than five particles of each of the three groups, whereas there were at least 100 of each in the smaller data set derived from the Tris-washed PSII membranes, and also at least 100 C 3 and C 4 complexes in the data set derived from the salt-washed PSII membranes (see also Table 1 and the legend of Figure 3) . The shortened C 2 S 2 supercomplexes, however, were not present in significant numbers in the data set from the salt-washed material. These results indicate that the shortened C 2 S 2 supercomplexes ( Figure 3G ) represent a unique structure specifically induced by the Tris treatment and that the occurrence of the C 3 and C 4 complexes is induced by the salt or Tris treatment.
Conformational Differences between Projections. A close comparison of the different types of particle projections, obtained after salt or Tris washing, with native supercomplexes shows changes in intensities of masses in the core part of PSII, as well as significant rearrangements in the peripheral antenna (Figure 4) . The rearrangements mostly concern the CP29 subunit (indicated by the pair of green dots in Figure 4 ) and the S-LHCII trimer (the triangular green structure in Figure 4 ). In the salt-washed particle ( Figure  4C ), there are inward shifts of CP29 and the S-LHCII trimer Figure 3K . The positions of red and yellow dots indicate a shift similar to that shown in panel G. Note that since the number of projections used for the calculations for panels C and G was limited, some particles lacking the CP26 tip were included in the final sums, resulting in a slight overall reduction in this area. Otherwise, this area does not seem to be substantially changed in position, in contrast to CP29. The scale bar is 10 nm long. of about 1.2 and 0.3 nm, respectively, indicating that salt washing mainly affects the position of CP29. Very similar shifts (within 0.2 nm) were observed in the independently processed images of projections with one CP26 tip (not shown), suggesting that the observed variation is reproducible. The shifts coincide with a decrease in the amount of stain near mass "D" (see Figure 4A ). In the type 1 Triswashed particle ( Figure 4D ), there are similarly directed shifts of CP29 and the S-LHCII trimer of 1.3 and 0.9 nm, respectively, suggesting that the additional effect of removing the 33 kDa protein affects mainly the S-LHCII trimer. The positions of the masses in the core parts of the salt-washed particles ( Figure 4C ) and the type 1 Tris-washed particles ( Figure 4D) are not significantly displaced.
The images of the type 2 and type 3 Tris-washed particles and the C 4 rods show a more complicated situation. In the type 2 particles, the CP29 subunits have moved in further (about 2.8 nm, Figure 4E ,F), but also within the core part, several densities have changed significantly in position. Since densities A-E belonging to one core monomer all show the same kind of shift (yellow masses, Figure 4F ), it can be concluded that the complete left core monomer underwent an upward shift of about 1.2 nm, including the upper LHCII trimer and CP26. This rearrangement of the core monomers also leads to a reduction in the size of the central stain-filled cavity. In the type 3 particles, even stronger changes have taken place ( Figure 4G ). The position of the LHCII trimers with respect to the core part indicates that in these particles the CP29 proteins have been released (discussed in more detail below). The absence of CP29 now leads to a downward shift of 2 nm of the left core monomer. A similarly directed but slightly smaller shift (1.5 nm) has occurred in the C 4 core rods ( Figure 4H ), which do not contain peripheral LHCII antenna proteins.
Difference Mapping. The effect of salt and Tris washing on the central core part area of the supercomplex (densities A, B, D, and E in Figure 4A ) has been further evaluated by generating difference maps. The difference maps between the native supercomplex of Figure 4A and the three independently averaged salt-washed particles from Figure  3B -D are similar and show some changes in the density D region ( Figure 5A-C) . Similar changes are visible in the difference map from the type 1 Tris-washed supercomplex ( Figure 5E ), but in addition, this image indicates a substantial reduction in the mass in the central region of the dimeric supercomplex. The type 2 complexes exhibit a similar pattern (not shown), and the type 3 particles also exhibit a small reduction in mass at the position of density B ( Figure 5F ). This mass is also reduced in other difference images ( Figure  5G , and those of the Tris-washed C 3 and C 4 PSII core complexes, not shown).
DISCUSSION
Supercomplexes without the 33 kDa Extrinsic Subunit.
Supercomplexes of PSII and LHCII have been isolated and biochemically and structurally characterized previously (see, e.g., ref 22) , but, as yet, not after a pretreatment of the PSII membranes to remove the extrinsic 33 kDa protein. Compared to the previously characterized supercomplexes with the retained 33 kDa protein, the 33 kDa-depleted supercomplexes exhibit the unique feature that exists in three different types, of which types 2 and 3 show a markedly different structure of the central PSII core dimer. In the type 2 complex, the left part of the supercomplex is laterally shifted in the upward direction, whereas in the type 3 complex, this part is laterally shifted in the downward direction ( Figure  4) . In both cases, the shifts are considerable (up to about 2 nm).
These changes point to a destabilization of the PSII corecore interactions upon removal of the 33 kDa protein. Also, in PSII from the cyanobacterium S. elongatus, it was noticed that the dimeric PSII core complex was unstable after Tris treatment (36) , suggesting that the stabilizing effect is a general property of the 33 kDa protein. It is not clear by which mechanism the dimeric PSII core structure is stabilized by the 33 kDa protein. Recent evidence has indicated that a small, membrane-bound subunit is present in the central part of the PSII core dimer (16) , and also that certain lipids play an essential role in the formation and/or stabilization of the dimers (37) . It is, however, not very likely that the small protein (indicated in yellow in Figure 6 ) and the lipids are absent in our supercomplexes, because the Tris treatment is not expected to remove membrane-bound subunits or other hydrophobic components. In our opinion, the possibility should be seriously considered that the 33 kDa protein partially covers the central region of the PSII core dimer and perhaps even extends to the adjacent monomer, and thus prevents detergents to act on the central region of the PSII core dimer. This possibility would give a straightforward explanation for the more pronounced staining of the central part of the PSII core structure in the type 1 Tris-treated supercomplex.
We note that our very short and mild detergent treatment using R-DM may have been a prerequisite for retaining the destabilized dimeric association in the 33 kDa-depleted complexes and that the type 3 supercomplexes obtained from the Tris-treated PSII membranes are the first supercomplexes in which the monomeric antenna protein CP29 is not present ( Figure 6B ). In supercomplexes obtained from native PSII membranes, no empty CP29 binding sites have been found, in clear contrast to CP26, which was explained by a successive accumulation of CP29, S-LHCII, and CP26 to the dimeric PSII core complex during biogenesis (25) . The absence of CP29 in the type 3 supercomplexes is most likely caused by the destabilized association of the central core dimer. The S-LHCII and CP26 complexes in the lower half of the complex are almost exclusively bound to the right half of the PSII core dimer ( Figure 6A) , and when the left half moves downward as a result of the destabilization, the CP29 complexes are forced into a position at the outside of the complex, where they are very vulnerable to a detergentinduced separation from the supercomplex.
Supercomplexes without the 23 and 17 kDa Extrinsic Subunits. PSII-LHCII supercomplexes without the 23 and 17 kDa proteins are not new, and in fact, the first published structure of such a complex (22) lacked these extrinsic subunits. In subsequent work (17) , the differences between these 23 kDa free and glycine-betaine-stabilized, 23 kDaretaining supercomplexes were analyzed by EM using negatively stained specimens, and it was concluded that the 23 kDa protein is located near position D (Figure 4) , which was later confirmed by a 3D reconstruction using frozen and hydrated specimens (11) .
The results described in this paper clearly point to a rearrangement of peripheral antenna subunits upon removal of the 23 and 17 kDa extrinsic proteins. In particular, the CP29 protein moves in the direction of the core complex by about 1.2 nm upon removal of these proteins. There is a slight displacement of the S-LHCII trimer; otherwise, there are no significant shifts of density positions, and the dimeric structure of the PSII core complex remains basically unchanged ( Figure 4D ). There are, however, a number of changes of density near position D (discussed in more detail below). We conclude that after removal of the protein(s) at density D, the CP29 monomer has space to move in the direction of the core complex, and thus gives rise to a reduction in the area of the supercomplex, which we estimate to be about 20 nm 2 for the complete, dimeric complex (Table  3 ).
An estimation of the sizes of the Tris-washed complexes indicates that the Tris washing gives rise to an additional shrinking of the supercomplexes (compared to the saltwashed particles) by, again, about 20 nm 2 ( Table 3 ). The data shown in Figure 4 suggest that the additional shrinking upon removal of the 33 kDa extrinsic protein is mainly caused by a shift of the S-LHCII trimer in the direction of the core complex. At the same time, the overall shape of the supercomplexes changes from a rectangular view for the native complexes into a more and more S-shaped configuration upon increasing the "harshness" of the treatment (Figure 4) . The first published supercomplex projection maps (17, 22) support this view, since they all show an S-shaped configuration, indicating the detrimental effect of freezing and prolonged storage on the fine structure of the isolated supercomplex samples. Figure 4 also suggests that some loss of the extrinsic proteins in combination with the shift is easily induced. The independently averaged projections ( Figure 4A ,B) from the C 2 S 2 supercomplex isolated without any purification step (23), or by a single gel filtration chromatography step (24) , exhibit almost identical positions of all densities. However, a 0.2 nm inward shift of the CP29 area can be noticed in the samples purified by gel filtration ( Figure 4B ). This might look insignificant, but it falls within the overall picture, in which the shift increases from milder to harsher treatment. It can thus be expected that any loss of extrinsic subunits results in a small average shift of CP29.
Particle Distribution. The ratios of the various types of complexes, analyzed by electron microscopy after a mild solubilization of oxygen-evolving PSII membranes with R-DM, have been presented previously (25) . The results described in this contribution indicate that a pretreatment of the PSII membranes by salt or Tris washing induces substantial changes in the relative and absolute numbers of these complexes (Tables 1 and 2 ). There is a strong decrease in the numbers of associated M-type LHCII trimers, whereas no substantial change is seen in the association of the L-type trimers. We speculate that the reduction in the numbers of associated M-type trimers is caused by the lateral shift of the CP29 subunit, which is located very close to the M-type trimer in the native structure (25) . In contrast, the numbers of the L-type LHCII trimer, which are low anyway, do not disproportionally decrease with the salt and Tris treatment. This can be explained by the fact that this trimer binds directly to CP43 and CP26, which do not undergo strong positional changes upon the removal of extrinsic subunits (Figure 4 ). Trimeric and Tetrameric PSII Core Particles. There is also a strong increase in the amount of LHCII-free PSII core complexes (C 3 and C 4 ) upon salt or Tris washing (Tables 1  and 2 ), which can be explained by the idea that the structure of the peripheral antenna is not only more closely associated with the PSII core dimer after salt or Tris washing but also less stable and more vulnerable to detergent-induced dissociation. We note that trimeric and tetrameric PSII core particles from higher plants have not been isolated and characterized thus far. The C 4 particle belongs in fact to the category of "megacomplexes" (24, 25) , which also consist of four central PSII core units. The interaction between the two core dimers in the tetrameric PSII core complex differs from that in each of the three types of previously observed megacomplexes (24, 25) , in which the monomeric LHCII proteins, in particular CP26, play an important role in the association. Also, in C 4 particles isolated from the cyanobacterium S. elongatus, a different association was observed (38) . However, an association of PSII core dimers on their short sides as in our C 3 and C 4 particles ( Figure 3K ,L) has also been observed in various two-dimensional crystals of PSII core dimers (39) and in a minor crystal form observed in grana membranes (E. J. Boekema et al., unpublished observations). This suggests that the manner of association as observed in our C 3 and C 4 particles could become prominent if the peripheral antenna is partially detached.
Positions of Extrinsic Subunits. In comparison to previous work, which was based on side views of negatively stained specimens (17) and a 3D reconstruction of frozen and hydrated specimens (11) , this paper does not provide much new insight into the number and positions of the extrinsic subunits on the structure of the dimeric PSII core complex. The summarized results of our experiments ( Figure 6A ) basically confirm the assignments in ref 11, in which the 23 and 17 kDa proteins are placed near position D ( Figure 4A ) and the 33 kDa protein is placed near position B. The lack of new insight into this matter is probably inherent to the applied technique (the analysis of top-view projections of negatively stained specimens), which is quite powerful in the detection of lateral shifts of certain complexes, but less powerful in the assignment of the various stain-excluding regions, because not only the protein densities but also the specific interaction of the stain with the protein determines the amount of signal (as in frozen and hydrated specimens). If, for instance, protein density would be the most important factor for the signal, the stain exclusion would be expected to be most prominent at position D, because here the protein protrudes maximally above the surface of the supercomplex (11). All our images, however, show maximal stain exclusion near position B, where CP47 and the 33 kDa protein are located.
We point out that this paper provides the largest set of projections obtained thus far from negatively stained PSII supercomplexes with attached or detached extrinsic subunits and that, given the sizes of the three types of extrinsic proteins, the differences between the various projections are in fact remarkably small. For instance, a study using negatively stained projections from various polypeptidedepleted trimeric PSI particles revealed much larger effects of the absence of extrinsic subunits (40) . The most stainexcluding regions of the PSII supercomplexes are located at positions A and B, irrespective of the presence of the extrinsic subunits (Figure 3 ). This means that the specific features of this stain-excluding structure must be caused by the intrinsic membrane proteins, in particular CP47 ( Figure  6 ). The absence of very clear features of the extrinsic proteins can possibly be explained by an aglobular shape, as suggested by Zubrzycki et al. (6) . However, the extrinsic protrusions on the lumenal side of the complex do have a globular shape (11) . This obvious inconsistency can perhaps be explained by assuming that the globular protrusions in ref 11 consist only partially of extrinsic subunits and that the large extrinsic loops of CP47 and/or CP43 also contribute to these globular protrusions.
An indication that the 33 kDa protein either does not have a globular shape or is present in two copies per PSII monomer is given by our finding that its absence influences both the dimeric organization of PSII (and thus has a direct effect on the PSII core-core interaction) and the association with the strongly bound trimeric LHCII complex. The distance from density B to the central part of the dimer is not very large (less than 4 nm), which easily explains the influence of the 33 kDa protein on the core-core interaction. However, the area covered by the globularly shaped mass attributed to the 33 kDa protein in ref 11 and Figure 6A seems not to be large enough to significantly influence the region between the PSII core and S-LHCII, since this is at least 6 nm away in another direction ( Figure 6 ). An aglobular shape and/or the presence in two copies per PSII monomer would give a rather simple explanation for the effect of the 33 kDa protein on the association of the peripheral antenna. The effect of the 23 and/or 17 kDa protein on the association of the peripheral antenna, however, is easy to understand because the globular mass attributed to these proteins (11) exceeds the region of the PSII core dimer, and clearly extends to the CP29 and S-LHCII subunits ( Figure 6A) . The difference mapping shown in Figure 5 is in line with these ideas.
Implications of the Interaction of Extrinsic Subunits with LHCII. The data presented above firmly establish significant conformational changes in the PSII structure upon the removal of extrinsic subunits, and we conclude that in native PSII at least the 33 kDa extrinsic subunit acts to keep the S-type LHCII trimers at a fixed distance from the core complex. The modeling of Figure 6 indicates that in the type 3 complex the closest distance from the S-LHCII to CP43 has been reduced by about 0.8 nm and from S-LHCII to D1 by about 1.3 nm (Figure 6 ). This raises the question of why the S-type LHCII trimer is kept some distance from the PSII core complex. A very close association of S-LHCII and the PSII core complex is probably not necessary for efficient light harvesting, because the excitation energy can probably migrate very well via the CP29 and CP26 complexes to the CP47 and CP43 core antenna proteins of PSII, respectively. A directed route of energy flow through the monomeric antenna proteins can even be advantageous for regulatory purposes, because these proteins are very much able to bind zeaxanthin, which is generated from violaxanthin during the xanthophyll cycle under high-light conditions (41) . Binding of zeaxanthin was shown to reduce the fluorescence quantum yield to a much larger extent in the monomeric CP26 and CP29 proteins than in trimeric LHCIIb (42) , suggesting that specific control of light-harvesting efficiency can be generated if the energy transfer proceeds predominantly through the monomeric LHCII proteins.
Another possible reason the S-type LHCII trimers and CP29 monomers have to be kept some distance from the central part of the PSII core complex may be given by the inorganic cofactor requirement for the oxygen-evolving process. A connection between the site of water oxidation and the peripheral antenna proteins has indeed been demonstrated (43) , though the stoichiometry of the thylakoid-like proton release pattern in LHCII-depleted PSII core particles could be restored by the addition of glycerol (44) . During S-state cycling, a chloride ion is transiently bound to the manganese cluster responsible for oxygen evolution (45) , and both the 33 kDa protein (3) and the 23 and 17 kDa proteins (13) have been suggested to keep the chloride in a sequestered domain close to the manganese cluster. The latter proteins may also function to keep calcium ions close to the manganese cluster, because in the absence of the 23 and 17 kDa proteins the calcium requirement for oxygen evolution is greatly increased (1) . The volume of the sequestered domain for chloride was estimated to be at most a few cubic nanometers (13) , which is much smaller than the decreased volume of about 50 nm 3 caused by the removal of the 23 and 17 kDa proteins (the product of the decreased area of 10 nm 2 and a membrane thickness of 5 nm). It is, however, not at all necessary that the sequestered domain occupy the complete extra volume. It is also possible that the sequestered domain for inorganic cofactors influences not only the catalytic site of oxygen evolution near the reaction center but also the peripheral antenna. For instance, the CP29 protein was recently shown to have a Ca 2+ binding site near the extrinsic loop between the B and C transmembrane helices (46) . This binding site could play an important role in photoregulation.
